ABSTRACT -The present work was performed by applying the principal component analysis, in order to compare the water needs of banana, mango, grape, sugarcane, maize and beans crops in different regions of the São Francisco river basin, aiming to identify the climate elements that most influence the reference evapotranspiration (ET 0 ) in the locations of Pirapora-MG, Jaíba-MG, Barreiras-BA and Petrolina-PE. In addition, the locations with more similarities, according to the evaluated parameters, were verified by applying cluster analysis, and the equivalence relations between the studied crops were determined by integrating the parameters related to the climatic elements and the characteristics of crops and soils. Based on the principal components analysis, it was observed that the most significant climate elements for ET 0 estimation were different for each place. The model with two components explained 90%, 88%, 95% and 97% of the total variance, respectively for the locations of Pirapora, Jaíba, Barreiras and Petrolina. Because it is in a semi-arid climate region, Petrolina showed high crop water needs, a behavior proven with the cluster analysis. The equivalence relations allowed comparing the water needs for the studied crops, providing, in general terms, a parameter comparison between the crops, and specifying which one will be more adequate depending on the water availability in the São Francisco basin.
INTRODUCTION
The São Francisco River basin covers an area of 638,466 km 2 , representing 7.5% of the national territory. Most of the basin (58%) is in a semi-arid region, which explains the low average annual precipitation (1,033 mm) when compared to the national average (1,761 mm), and extended periods of drought and high evapotranspiration are frequent (AGÊNCIA NACIONAL DE ÁGUAS, 2013) .
Evapotranspiration is the most representative parameter to set crop water needs, and it is based on the combination of climatic elements such as maximum and minimum temperature, sunshine hours or solar radiation, wind speed and relative humidity (ALENCAR; SEDIYAMA; MANTOVANI, 2015; WIDMOSER, 2009) . Crop evapotranspiration represents the main process of groundwater loss, directly affecting the availability and sustainability of water resources, and, consequently, the growth of plants (LANGENSIEPEN et al., 2009) . Knowing it is essential in applications related to the areas of hydrology, climate change impacts and droughts (SENATORE et al., 2015) .
Determination of the relative effects of the elements which influence the process of evapotranspiration is of significant importance within the context of irrigated agriculture, especially in semi-arid climate areas. By means of these considerations, it is possible to define the best strategy for the rational use of water (ANDRADE; SILVEIRA; AZEVEDO, 2003) .
Therefore, multivariate statistics applied to principal components analysis may be used to define a set of variables that explain the maximum of the variance function. For this purpose, a linear combination of data is used to determine the variables which most influence the evapotranspiration process in each location (ARRUDA et al., 2012; ISLABÃO et al., 2013; MANDAL et al., 2008; REID; SPENCER, 2009 ).
Multivariate statistics may also be employed for the grouping between individuals based on their characteristics. The criterion for the formation of groups is the homogeneity within the group and the differences between them (HATVANI et al., 2011; RUHOFF; SALDANHA; COLLISCHONN, 2009 ).
Knowledge of the water need of different crops in places at which there is the possibility of conflict due to the use of water is of great value, once this allows for the development of equivalence relations among crops and provides guidance for the zoning or allocation of crops in a given region, in a water crisis scenario.
In this context, the objectives of this study were:
(1) to identify the climatic elements that most influence the reference evapotranspiration (ET 0 ) at four locations in the São Francisco river basin using multivariate statistics with principal component analysis; (2) to estimate the average ET 0 for a period of 10 years with the purpose of assessing the similarity among locations regarding this parameter using cluster analysis; (3) to determine the water need of crops to be supplied via irrigation, and the equivalence relations for banana, mango, grape, sugarcane, maize and beans crops, integrating the parameters related to climatic elements and to the characteristics of the crops and soil.
MATERIAL AND METHODS
The locations used in this study were Pirapora-MG, Jaíba-MG, Barreiras-BA and Petrolina-PE. They were chosen because they are in regions with a significant area of irrigated agriculture, for presenting distinct climatic characteristics and availability of historical series of climate data. The Pirapora region lies in the region of the upper São Francisco, being characterized by the Aw climate, according to the Köppen climate classification, which is described as being a Tropical climate with the occurrence of rain in the summer and having a dry winter, as shown in Figure 1a . Jaíba and Barreiras are located in the region of the Medium São Francisco; however, Barreiras also presents the Aw-type climate, while Jaíba has the As-type climate characterized as a Tropical climate with a dry summer. According to Alvares et al. (2013) , Petrolina is in the sub-medium region of the São Francisco River and has the BSh-type climate, that is, a dry, semi-arid climate, whose occurrence is common in regions of low latitudes and altitudes. As shown in table 1, the altitude of the weather stations varies from 370 m to 505 m, in Petrolina and Pirapora, respectively. Figure  1b shows the digital model of the elevation of the São Francisco river basin, in which it is possible to see the spatialization of the altimetry of the basin. Table 1 shows the information of the weather stations used in the study and Table 2 shows the years with availability of data for the locations studied.
Maximum temperature (T max ) and minimum temperature (T min ) data were obtained in Celsius degrees (°C); number of sunshine hours (S) in hours; average relative humidity (RH) in percentage; average wind speed (W) in m s -¹; and precipitation (P) in mm. All parameters were obtained daily from the National Institute of Meteorology (INMET) .
The use of a period of 10 years of data was established due to the availability of data at the weather stations used in the study. The crop water need was estimated based on the simulation of the crop water balance on a daily scale, according to the methodology described in FAO 56 (ALLEN et al., 1998) . For this purpose, it was necessary to estimate the average reference evapotranspiration for each day of the year, for each of the 10 years of data, in order to obtain a year of daily average data of reference evapotranspiration. Pirapora-MG 1970 , 1976 , 1990 , 1991 , 1999 , 2000 , 2003 , 2006 , 2011 Mocambinho/Jaíba-MG 1986 , 1987 , 1988 , 1991 , 1996 , 1997 , 2000 , 2001 , 2002 Barreiras-BA 1967 , 1969 , 1970 , 1978 , 1979 , 2001 , 2002 , 2003 , 2006 , 2007 Petrolina-PE 1973 , 1975 , 2003 , 2006 , 2007 , 2010 , 2011 The evapotranspiration of banana, mango, grape, maize, beans and sugarcane crops was estimated daily, taking into consideration the reference evapotranspiration (ET 0 ), daily average of 10 years, the crop coefficient K c (initial, middle and final), and the soil water stress coefficient K s , according to Equation 1.
where: ET c = crop evapotranspiration (mm d -1 ); ET 0 = reference evapotranspiration (mm d -1 ); K c = crop coefficient, dimensionless; K s = soil water stress coefficient, dimensionless. The values of K s were simulated daily considering the humidity of the soil on that day, according to the methodology described in FAO 56 (ALLEN et al., 1998) .
The estimates of ET 0 for the weather stations of the studied places were performed with the Penman-Monteith method, according to the model published in FAO 56 (ALLEN et al., 1998) , since this is considered the most accurate compared to the other existing indirect methods (CAI et al., 2007; GAVILAN; BERENGENA; ALLEN, 2007; SENTELHAS; GILLESPIE; SANTOS, 2010; XING et al., 2008) .
The research was performed considering the simulation within the period of one year. Therefore, the growing of one cycle of bananas, one cycle of mangoes, two cycles of grapes and one crop of sugarcane was standardized according to the common agricultural crop calendar in these regions. Besides the aforementioned crops, for each place, two maize crops were planted in a row in rotation with one cycle of beans.
In this case, the first sowing of maize happened in October and the harvest was in January of the following year, the sowing of the subsequent maize crop occurred in February and the harvest in May, and the sowing of beans took place in mid-June and the harvest in September. The crop calendar used in this study is shown in Table 3 , in which it is possible to observe the beginning of each cycle of the perennial crops and the implementation of annual crops. For simulation purposes, the table of Appendix 8 of the FAO Bulletin 56 was adopted; however, using the crop coefficient (K c ), which encompasses the average effects of evaporation on soil and plant transpiration into one single coefficient for each phenological phase of the crop (ALLEN et al., 1998) . The input parameters in the model from Appendix 8 of FAO 56 are the values of K c of each phenological phase (Table 4 ) and the lengths of the respective development stages (Table 5 ). The table estimates, for each day of simulation, one value of K c *K s . For this purpose, it considers crop development, considering inherent characteristics of each crop (depth of the roots system, maximum plant height), as well as soil and climatic elements (wind speed and relative humidity).
Whenever possible, parameters obtained in the experiments performed in the studied places were adopted, both for the values of K c and for the length of the development phases, as can be observed in the references used in Tables 4 and 5. In the absence of these, tabulated values from publication 56 of FAO were used (ALLEN et al., 1998) . In order to make the simulations closer to local conditions, the physical attributes of the soils of the region were used and they are shown in Table 6 .
To obtain the equivalence relations among crops, initially, the water requirements of each crop and at each irrigated perimeter were grouped annually with the intention of obtaining the average annual water need to be supplied via irrigation, that is, considering the average local rainfall regime.
Equivalence relations ultimately aim to compare the water needs of the crops of the distinct regions to be supplied via irrigation. For this purpose, the calculation was performed by comparing the water needs of a crop at various places, or by comparing the water needs of several crops at the same place.
The model of multivariate statistics of principal components was used to identify the climatic parameters that have greater importance to the estimation of ET 0. Thus, standardization of data was necessary in order to match their units and scales. The average of 10 years for each climatic element at each location, and monthly, was used as follows:
where, X ij = value observed for the j th repetition of the i th climatic factor; i = average of the climatic factor i; S i = standard deviation of the climatic factor i; Y ij = standardized value.
For the principal component analysis, climatic elements were used monthly, unlike the water balance, which was performed on a daily basis. After extraction, the components presented difficult interpretation and, because of that, the Varimax algorithm was used as a matrix orthogonal rotation procedure (ANDRADE et al., 2007) .
Cluster analysis was applied to group the locations that showed similarity regarding the climatic elements; considering maximum temperature (Tmax), minimum temperature (Tmin), sunshine hours (S), average relative humidity (RH) and average wind speed (WS), all monthly. In this study, the Euclidean distance between two vectors, and complete linkage as the agglomerative method were used (RUHOFF; SALDANHA; COLLISCHONN, 2009). Table 7 shows the results for the principal component analysis. It is possible to observe that the model with two components explained 90%, 88%, 95% and 97% of the total variance for the locations of Pirapora, Jaíba, Barreiras and Petrolina, respectively. It can be stated, such as Andrade, Silveira and Azevedo (2003) did, that the model is capable of combining the information previously distributed in six variables into only two components.
RESULTS AND DISCUSSION
The proposal of Norusis (1990) , which states that a component can be used if it presents an eigenvalue above 1, was used as theoretical basis in order to define the model with two variables. It is also important to observe that the first component was responsible for explaining more than 53% of the total variance at all studied locations. Guedes et al. (2012) emphasize that one of the main characteristics of the components is related to how they are obtained, being presented in descending order; the first component explains most part of the total variance of data and the second one explains the maximum of variance of the rest of the data, and it is not correlated with the first one.
By analyzing Table 8 for the region of Pirapora, the climatic elements that were more important for the first component were minimum and maximum temperature and sunshine hours. Based on this finding, it can be observed that this component is correlated with the heating of the atmosphere close to the surface.
Regarding Jaíba, the climatic factor that was more significant was relative humidity, followed by wind speed, minimum temperature and sunshine hours. In this case, it can be said that the climatic elements with significant importance to this element (RH, I) are correlated with vapor pressure deficit, that is, by the gradient which promotes the ET 0 process. Nevertheless, when it comes to Barreiras, located in the same region as Jaíba (region of the Medium São Francisco), the most significant parameters were maximum temperature, relative humidity and wind speed. For Petrolina, minimum temperature, wind speed and maximum temperature were the most significant parameters.
The observed differences regarding the crop water needs are mostly explained by the climatic elements that determine the evapotranspiration process. The region of Pirapora presents a milder climate compared to the other locations (Figures 2a and 2b Due to the low rainfall characteristic of semi-arid regions (Figure 2c ), Petrolina presents little variation in average monthly sunshine hours throughout the year (Figure 2d Since the climate of where Petrolina is located is semi-arid, the greater the water need of crops in the region, once, according to Allen et al. (1998) , moist fields in arid (hot and dry) regions lose large quantities of water that are transferred to the atmosphere due to the process of evapotranspiration because of the large quantity of energy available combined with the high moisture holding capacity of air (Figure 3a) .
In Figure 3b , the distinction of locations can be observed due to the existing differences among them, considering the reference evapotranspiration, maximum temperature, minimum temperature, sunshine hours, relative humidity, wind speed and precipitation, using Cluster analysis as grouping technique. Barreiras and Pirapora were put in the same group, because they are located in regions of Aw climate, according to the Köppen classification, which is characterized as Tropical with occurrence of rain in the summer and dry winter ( Figure  1a) , thus, having similar climatic characteristics.
Jaíba is situated in a region of transition from the semi-humid tropical climate to the semi-arid tropical climate, unlike Barreiras and Pirapora, having an intermediate position regarding the semi-humid and semi-arid tropical climates. The location of Petrolina is of semi-arid tropical climate and was classified as distinct from the other regions, which is explained by the fact that the climatic parameters of this region are considerably different from the other regions, as previously mentioned.
Integration of the parameters relating to climate, and to the physiological characteristics of crops and soil can be evidenced in the equivalence relations between the crops of banana, mango, grape, sugarcane, maize and beans, in the locations studied (Figure 4) . The equivalence relations were obtained by the ratio between the average annual water need of the crop (columns) and the average annual water need of the crop (lines). The values shown by the same shades of gray in Figure 4 refer to the equivalence relations among crops in the same place, corresponding to Pirapora, Jaíba, Barreiras and Petrolina, in this order. The values in white refer to the equivalence relations among crops which are in different places.
Among the several relationships between crops at the different locations, some stand out due to the high discrepancy in water layers. For example, the banana crop grown in Petrolina requires an irrigation plate 4.5 times larger than that of the grape crop grown in Pirapora, which can be explained by the climatic difference between these two places, by the soil type and physiological characteristics of the crops. Thus, irrigation of large areas of banana crops, which have a high water need, promotes great impact on water resources in the region, mainly in areas where rainfall is insufficient to meet the water need of crops.
Equivalence relations are nothing but an index which compares the water need of a crop in relation to another, both for distinct locations and for the same location, and it can be used to evaluate the crop water need via irrigation to identify which crop will be, in general, better used in function of the water availability of the region, provided that the conditions, the methodology and the parameters used in this studied are applied.
Therefore, the application the equivalence relations can be used by decision makers for a better planning and management of water resources, aiming for a rational use of water by means of policies that encourage the growing of certain crops in places where there is water surplus for irrigation, while they may also be a restrictive parameter for the growing of crops in regions where there is shortage of water for irrigation.
CONCLUSIONS
1. The model with two components explained 90%, 88%, 95% and 97% of the total variance for the locations of Pirapora, Jaíba, Barreiras and Petrolina. The climatic elements that most influenced the reference evapotranspiration were: in Pirapora, the minimum temperature; in Jaíba, relative humidity; in Barreiras, the maximum temperature; and in Petrolina, the minimum temperature;
2. According to cluster analysis, Barreiras and Pirapora are regions with similar climatic conditions. Jaíba is in an intermediate position and Petrolina differs from the other locations.
3. In general, the equivalence relations can predict which crop is more indicated regarding the water need to be supplied by irrigation, according to the water availability of each place of study.
